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ABSTRACT
A proto-cluster core is the most massive dark matter halo (DMH) in a given proto-
cluster. To reveal the galaxy formation in core regions, we search for proto-cluster
cores at z ∼ 2 in ∼ 1.5 deg2 of the COSMOS field. Using pairs of massive galaxies
(log(M∗/M) ≥ 11) as tracers of cores, we find 75 candidate cores, among which 54%
are estimated to be real. A clustering analysis finds that these cores have an average
DMH mass of 2.6+0.9−0.8 × 1013 M, or 4.0+1.8−1.5 × 1013M after contamination correction.
The extended Press-Schechter model shows that their descendant mass at z = 0 is
consistent with Fornax-like or Virgo-like clusters. Moreover, using the IllustrisTNG
simulation, we confirm that pairs of massive galaxies are good tracers of DMHs massive
enough to be regarded as proto-cluster cores. We then derive the stellar mass function
(SMF) and the quiescent fraction for member galaxies of the 75 candidate cores. We
find that the core galaxies have a more top-heavy SMF than field galaxies at the same
redshift, showing an excess at log(M∗/M) & 10.5. The quiescent fraction, 0.17+0.04−0.04
in the mass range 9.0 ≤ log(M∗/M) ≤ 11.0, is about three times higher than that
of field counterparts, giving an environmental quenching efficiency of 0.13+0.04−0.04. These
results suggest that stellar mass assembly and quenching are accelerated as early as
z ∼ 2 in proto-cluster cores.
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1 INTRODUCTION
In the ΛCDM framework, the initial density perturbations
grow by gravity and form dark matter haloes (DMHs), and
galaxies are formed in DMHs through gas cooling. DMHs,
and hence galaxies, become more massive and larger through
the accretion of matter and mergers with other DMHs. The
most massive and largest DMHs in today’s universe are
galaxy clusters. The DMH mass of galaxy clusters is typ-
ically & 1014 M (e.g. Kravtsov & Borgani 2012; Overzier
2016) and a mature cluster hosts hundreds to thousands of
galaxies.
The properties of cluster galaxies are largely different
from those of field galaxies. For example, at z < 1, cluster
galaxies are dominated by quiescent and/or elliptical galax-
ies with old stellar populations while most field galaxies are
star-forming galaxies like spirals (e.g. Dressler 1980; Goto
et al. 2003; Bower et al. 1998). Part or all of these differ-
ences are thought to be caused by some environmental ef-
fects: ram-pressure stripping (Gunn & Gott 1972), galaxy in-
teraction, galaxy harassment (Moore et al. 1998), etc. When
? E-mail: mando@astron.s.u-tokyo.ac.jp
and how these differences were established is key to under-
standing the role of environments on galaxy formation. For
this purpose, galaxies in clusters in early evolutionary stages
should be investigated.
Progenitors of local clusters at z & 2 are called proto-
clusters. They are defined as a whole structure that will
collapse into a cluster by z = 0 (e.g. Overzier 2016). A Proto-
cluster typically extends to more than 20 comoving Mpc at
z ∼ 2 (Chiang et al. 2013; Muldrew et al. 2015) and an even
larger area at higher redshift, being split into a number of
DMHs and unbound regions. Among those substructures,
we define the “core” of the proto-cluster as the most massive
DMH1. The mass of cores has a large scatter (∼ 1 dex) at
z ∼ 2, even if the descendant mass at z = 0 is fixed (Muldrew
et al. 2015).
The relationship between the properties of galaxies and
their location in proto-clusters is important to understand
1 Massive systems with MDMH > 1014 M at z & 2 are sometimes
called high redshift clusters. However, they will also grow through
the accretion of matter from the surrounding regions until z = 0.
In this sense, they are also regarded as massive proto-cluster cores.
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cluster galaxy formation. Muldrew et al. (2018) have stud-
ied galaxy evolution in proto-clusters by applying a semi-
analytic galaxy evolution model to N-body simulations.
They have found that galaxies in core regions have dif-
ferent properties from those in fields and the rest of the
proto-cluster regions: a more top-heavy stellar mass function
(SMF) and a higher fraction of quiescent galaxies especially
for low-mass galaxies. A similar trend of the SMF has been
reported in Muldrew et al. (2015); Lovell et al. (2018).
Recently, several proto-cluster cores have been found
and they have a variety of star formation activity. Shi-
makawa et al. (2018) have found that Hα emitters in the
densest regions of a proto-cluster at z ∼ 2.5, which are re-
garded as cores, are more massive and more actively star-
forming than those in the remaining regions of the same
proto-cluster. Some cores are dominated by (dusty) star-
forming galaxies unlike local mature clusters (Wang et al.
2016; Oteo et al. 2018; Miller et al. 2018), while massive
cores with red sequence galaxies, which are similar to local
clusters, have also been found (Newman et al. 2014; Cooke
et al. 2016; Lee-Brown et al. 2017; Willis et al. 2020). Such
variations may reflect different evolutionary stages of cores.
Most of the reported cores are biased to possible progenitors
of the most massive, Coma-like clusters (MDMH > 1015 M
by z = 0). Therefore, to reveal the whole aspect of galaxy
evolution in proto-cluster cores, we need a large sample of
cores including less massive ones.
Systematic proto-cluster searches have been done by
various techniques. One of such methods, the fixed aperture
method, searches for an overdensity of high redshift galaxies
(i.e. Lyman break galaxies (LBGs), line emitters, photomet-
ric redshift galaxies, etc.) over a given aperture (e.g. Chiang
et al. 2014; Toshikawa et al. 2018). This method can suc-
cessfully identify the whole region of a proto-cluster (e.g.
Chiang et al. 2015; Diener et al. 2015). However, because
this method uses a ten times larger aperture than the size
of cores, it is difficult to isolate cores. Moreover, because
LBGs and line emitters are typically star-forming galaxies,
overdensities of such populations provide a biased view of
proto-cluster galaxies.
Another method is to use biased tracers. Some galaxy
populations like high redshift radio galaxies and quasars are
frequently located at dense environments (Hatch et al. 2011,
2014). Therefore, one can use such objects as beacons of
proto-clusters (Venemans et al. 2007; Wylezalek et al. 2013,
2014; Cooke et al. 2014). However, it is unclear whether these
objects can trace proto-clusters completely (Lovell et al.
2018; Uchiyama et al. 2018). Because the lifetime of quasars,
106 to 108 years (Martini 2004), is relatively short, they may
miss some fraction of proto-clusters. Furthermore, the feed-
back of active galaxies suppresses the formation of surround-
ing galaxies (Uchiyama et al. 2019), possibly resulting in a
biased picture of galaxy formation in proto-clusters.
In this study, we propose a new method to find proto-
cluster cores at z ∼ 2, the epoch when massive cores appear
(Chiang et al. 2017), and use it in the Cosmic Evolution
Survey (COSMOS; Scoville et al. 2007) field. The extended
Press-Schechter model2 predicts that a DMH whose mass is
& 2 − 3 × 1013 M at z ∼ 2 typically evolves into the cluster
2 To calculate the extended Press-Schechter model, we use a
mass regime, & 1014 M, by z = 0. Therefore, we regard
DMHs with & 2− 3× 1013 M at z ∼ 2 as proto-cluster cores
and search for such massive systems.
The stellar to halo mass relation says that galaxies with
larger stellar masses are hosted by more massive DMHs. Ac-
cording to abundance matching technique, the typical stel-
lar mass of central galaxies hosted by DMHs with MDMH &
1013 M is M∗ & 1011 M (e.g. Behroozi et al. 2013). How-
ever, DMHs which host central galaxies with M∗ & 1011 M
cover a wide range of DMH mass (1012 − 1014 M). This
means that using single massive galaxies cannot isolate
DMHs as massive as proto-cluster cores.
A multiple system of massive galaxies is a possible
tracer of a proto-cluster core. Be´thermin et al. (2014) have
studied the clustering of BzK-selected galaxies at 1.5 < z <
2.5, finding that close pairs (separations are below 20′′)
of massive (M∗ > 1011 M) quiescent galaxies as well as
massive main-sequence galaxies with strong star formation
(> 200 M/yr) are possible progenitors of clusters. The host
DMH masses of the former at z ∼ 2 is 5.5+5.1−4.5 × 1013 M,
which is massive enough to be regarded as cores. Using a
galaxy sample with spectroscopic redshifts, Diener et al.
(2013) have explored candidate galaxy groups within 500 kpc
in projected distance and 700 km/s in velocity difference
at 1.8 < z < 3.0. In comparison with mock galaxy cat-
alogues, they have found that the candidate groups con-
tain one thirds of the progenitors of present-day clusters,
although they are mainly the progenitors of less massive sys-
tems (1013 − 1014 M). Moreover, there is a significant over-
density not only of the spectroscopic redshift sample but
also of a photometric redshift sample with M∗ ≥ 1010 M
around the candidate groups.
These results lead to an assumption that pairs of mas-
sive galaxies are hosted by more massive DMHs than isolated
massive galaxies. Thus, we use a pair of massive galaxies as
a tracer of proto-cluster cores. We define the term “pair” as
a multiple system of massive galaxies whose extent is con-
sistent with the size of a proto-cluster core. We refer to not
only associations of two massive galaxies but also those of
more than two as “pairs”. Since most of the “pairs” identi-
fied in this paper consist of just two galaxies, we adopt this
naming convention. To avoid possible selection bias, we use
both star-forming galaxies and quiescent galaxies to find out
pairs.
The structure of this paper is as follows. In Section 2,
we describe the data and galaxy samples used in this study.
In Section 3, we introduce the method to find proto-cluster
cores and show results. We also compare the results with
the IllustrisTNG simulation to evaluate the effectiveness of
our method. In Section 4, we examine properties of member
galaxies in the core candidates focusing on the stellar mass
function and the fraction of quiescent galaxies. Section 5 is
devoted to a summary and conclusions.
Throughout this paper, we assume a flat ΛCDM cosmol-
ogy with (Ωm, ΩΛ, h, σ8, n0) = (0.3, 0.7, 0.81, 0.7, 0.9). We
use the notations cMpc and pMpc to indicate comoving and
physical scales, respectively. We assume a Chabrier (2003)
initial mass function.
FORTRAN code written by Takashi Hamana. The code is found
at http://th.nao.ac.jp/MEMBER/hamanatk/OPENPRO/index.html
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2 DATA AND SAMPLE SELECTION
2.1 The COSMOS2015 catalogue
We use data from the COSMOS2015 galaxy catalogue
(Laigle et al. 2016; COSMOS2015 hereafter). COSMOS2015
contains deep and multi-wavelength photometry, from near-
ultraviolet (NUV) to far-infrared, on the COSMOS field.
In this paper, we only use objects in the central ∼
1.5 deg2 region covered by the UltraVISTA-DR2. We also
limit our sample to galaxies with m(Ks) ≤ 24.0. This magni-
tude cut is motivated so that the detection completeness is
homogeneous over the UltraVISTA field.
From the catalogue, we extract the following quanti-
ties: photometric redshift (photo-z ), stellar mass and galaxy
classification flag, an indicator of star formation activity
(star-forming or quiescent). In the catalogue, the LEPHARE
code (Arnouts et al. 2002; Ilbert et al. 2006) has been
used to compute photo-z ’s and perform spectral energy
distribution (SED) fitting, and the NUV-r vs r-J colour-
colour plane has been used to classify galaxies (Williams
et al. 2009): quiescent galaxies are defined as those with
MNUV − Mr > 3(Mr − MJ) + 1 and MNUV − Mr > 3.1.
At 1.5 ≤ z ≤ 3.0, this parent sample contains 60080
(167844) galaxies in total after (before) the magnitude cut.
Among them, 57353 galaxies are classified as star-forming
galaxies while the remaining 2727 galaxies are quiescent
galaxies.
2.2 Sample selection
To identify massive DMHs, we use 1742 galaxies with 1.5 ≤
z ≤ 3.0 and log(M∗/M) ≥ 11. We refer to the galaxies in this
sample as “massive galaxies (MGs)” hereafter. This sample
accounts for 3% of the parent sample at 1.5 ≤ z ≤ 3.0.
For the cross-correlation analysis described in Sec-
tion 3.2, a relatively large galaxy sample is needed. From
the COSMOS2015 catalogue, we select galaxies with 1.5 ≤
z ≤ 3.0 and 10.2 < log(M∗/M) < 11, whose total number
is 16149. We refer to the galaxies in this sample as “tracer
galaxies”hereafter. This sample accounts for 27% of the par-
ent sample at 1.5 ≤ z ≤ 3.0.
To examine properties of member galaxies of proto-
cluster cores, we use all 86374 galaxies at 1.25 ≤ z ≤ 3.25.
We refer to the galaxies in this sample as “general galaxies”
hereafter. These samples are summarised in Table 1.
3 CONSTRUCTION OF A PROTO-CLUSTER
CORE SAMPLE
In this section, we describe the method to identify proto-
cluster core candidates and how to estimate their DMH
mass.
3.1 Candidates for proto-cluster cores
3.1.1 Pair finder
We use pairs of MGs to search for proto-cluster cores. In this
study, a “pair of MGs” refers to a multiple system of MGs,
whose size is consistent with that of proto-cluster cores, ∼
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Figure 1. Sky distribution of the pairs of MGs colour-coded by
redshift according to the colour bar. Pairs containing only two
MGs are plotted as circles (66 pairs), while those containing three
or four are plotted as star symbols (9 pairs). Grey dots are MGs
(1742 in total). (A colour version of this figure is available in the
online journal.)
0.3 pMpc. To identify such systems, we apply the following
procedure to the MGs:
(i) We pick up one galaxy and count neighbour galaxies
within ∆θ ≤ 30′′ and ∆z ≤ 0.12 from that galaxy.
(ii) If the number of neighbours is more than one, we
regard all of them as member galaxies of a “pair”.
(iii) The three dimensional position of the pair is defined
as the average position of the member galaxies of the pair.
We set 30′′ as the maximum separation of member galaxies.
This value is slightly smaller than the size of a core with
MDMH ∼ 2 × 1013 M, ∼ 36′′ ∼ 0.3 pMpc in radius, reducing
the probability of chance projection. We also set 0.12 as the
maximum redshift difference among members, considering
the uncertainty in photo-z estimates in the COSMOS2015
catalogue. Since ∆z = 0.12 corresponds to about 170 cMpc at
z = 2, which is much larger than the size of a core, detected
pairs may be contaminated by false pairs due to chance pro-
jection. We discuss this in Section 3.3.
3.1.2 Detected core candidates
Applying our pair finder to the 1742 MGs, we identify 75
pairs as proto-cluster core candidates. Their sky position is
shown in Fig. 1. While the majority (66 pairs) have only
two MGs, 9 pairs have three or four members, plotted as
star symbols. The redshift distribution of the 75 pairs is
shown in Fig. 2 with that of the MG sample. The average
redshift of the pairs, 1.85, is lower than that of the MG
sample, 2.03. This difference may reflect the fact that there
are more massive virialized systems at lower redshifts.
We note that our core candidates contain a very massive
(MDMH ∼ 1014 M) core at z ∼ 2.5 which has been spectro-
scopically confirmed in Wang et al. (2016).
MNRAS 000, 1–14 (2020)
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Table 1. Galaxy samples used in this paper.
sample redshift stellar mass cut total star-forming quiescent
[M] [#] [#] [#]
parent sample 1.5 ≤ z ≤ 3.0 - 60080 57353 2727
massive galaxies (MGs) 1.5 ≤ z ≤ 3.0 M∗ ≥ 1011 1742 1207 535
tracer galaxies 1.5 ≤ z ≤ 3.0 1010.2 < M∗ < 1011 16149 14329 1820
general galaxies 1.25 ≤ z ≤ 3.25 - 86374 82012 4362
Note. A magnitude cut of m(Ks) ≤ 24.0 is applied to all samples.
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Figure 2. The redshift distribution of MGs (orange) and pairs
(blue). The histogram of MGs is normalised so that the total
number matches that of pairs. The average redshifts of MGs and
pairs are shown by dotted and dashed lines, respectively. (A colour
version of this figure is available in the online journal.)
3.2 Clustering analysis
We use clustering analysis to estimate the average DMH
mass of the core candidates obtained in Section 3.1.2. Since
we have only 75 candidates, we apply a cross-correlation
technique.
3.2.1 The auto-correlation function of tracer galaxies
We first calculate the two-point angular auto-correlation
function (ACF) of the tracer galaxy sample. We use an es-
timator of the ACF proposed by Landy & Szalay (1993):
ωACF(θ) = DD(θ) − 2DR(θ) + RR(θ)RR(θ) , (1)
where DD(θ), DR(θ), and RR(θ) are the normalised num-
ber counts of galaxy-galaxy, galaxy-random, and random-
random pairs whose separations are θ, respectively. We use
2 × 105 random points uniformly distributed over the entire
area where the data exist. We assume that the errors in the
ACF come from the Poisson error in the DD(θ) term,
εACF =
1 + ωACF(θ)√
DD0(θ)
, (2)
where DD0(θ) is the row number count of galaxy-galaxy
pairs. We assume that the ACF can be described by a power-
law:
ωmodel(θ) = Aωθ−β, (3)
where Aω = ω(1′′) is the amplitude of the ACF. We fix β to
the fiducial value 0.8 (e.g. Peebles 1975; Ouchi et al. 2003).
When we apply the estimator in Equation (1) to obser-
vational data of a finite survey area, the ACF is negatively
biased due to the integral constraint (IC; Groth & Peebles
1977):
ωobs(θ) = ωtrue(θ) − IC, (4)
where ωobs is the ACF derived from the observational data
and ωtrue is the true ACF. Following Roche & Eales (1999),
we calculate this term using random points:
IC =
∑
θ RR(θ) · ωmodel(θ)∑
θ RR(θ)
=
∑
θ RR(θ) · Aωθ−β∑
θ RR(θ)
. (5)
We derive IC = 0.0027Aω in the COSMOS field. We fit ω(θ)
over 40′′ − 2000′′ with correction of the IC.
We then calculate the spatial two-point correlation
function ξ(r):
ξ(r) =
(
r
r0
)−γ
, (6)
where r0 is the correlation length and γ is slope of the power-
law. The spatial correlation function ξ(r) is linked to the
angular correlation function ω(θ) via the Limber transform
(Peebles 1980; Efstathiou et al. 1991):
β = γ − 1, (7)
Aω = r
γ
0 B
(
1
2
,
γ − 1
2
) ∫ ∞
0 dzN(z)2F(z)Dθ (z)1−γg(z)[∫ ∞
0 dzN(z)
]2 , (8)
g(z) = H0
c
(1 + z)2
{
1 +Ωmz +ΩΛ[(1 + z)−2 − 1]
}1/2
, (9)
where B is the beta function, N(z) is the redshift distribution
of galaxies used to derive the ACF and Dθ (z) is the angular
diameter distance. F(z) describes the redshift evolution of
ξ(r), which is modelled as F(z) = [(1+z)/(1+ z¯)]−(3+¯ ) with ¯ =
−1.2 (Roche & Eales 1999), where z¯ is the average redshift
of the sample.
Then we define the linear bias parameter of galaxies bg,
which represents the relative strength of galaxy clustering
compared to dark matter at a large scale (8 cMpc/h100):
bg =
√
ξg (r = 8 cMpc/h100)
ξDM (r = 8 cMpc/h100)
, (10)
where ξDM(r) is the spatial correlation function of dark
MNRAS 000, 1–14 (2020)
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matter. We assume Eisenstein & Hu (1999) model as the
power spectrum of matter. To calculate ξDM(r), we use a
python toolkit for cosmological calculations called COLOSSUS
(Diemer 2018). In this way, the bias parameter of the tracer
galaxies is derived from Equation (10). We assume that the
bias parameter of galaxies approximates that of the under-
lying DMHs on large scales.
3.2.2 The cross-correlation function between cores and
tracers
Cross-correlation technique is often applied when the sam-
ple size is small. We calculate the two-point angular cross-
correlation function (CCF) between the core candidates and
the tracer galaxies using the following estimator:
ωCCF(θ) = DsDt(θ) − DsR(θ) − DtR(θ) + RR(θ)RR(θ) , (11)
where DsDt(θ), DsR(θ) and DtR(θ) are the normalised number
counts of pair-tracer, pair-random, and tracer-random pairs
whose separations are θ, respectively. Since the sample sizes
of tracers and random points are much larger than that of
pairs, we assume that the errors in the CCF come from the
Poisson error in the DsDt(θ) term:
εCCF =
1 + ωCCF(θ)√
DsDt0 (θ)
, (12)
where DsDt0 (θ) is the row number count of pair-tracers. We
fit the CCF using Equation (3) and derive its amplitude.
Then, we calculate the correlation length of the spatial CCF
in almost the same way as for the ACF. Instead of Equa-
tion (8), we use the following equation (Croom & Shanks
1999):
Aω = r
γ
0 B
(
1
2
,
γ − 1
2
) ∫ ∞
0 dzNs(z)Nt(z)F(z)Dθ (z)1−γg(z)[∫ ∞
0 dzNs(z)
]
·
[∫ ∞
0 dzNt(z)
] , (13)
where Ns and Nt are the redshift distributions of pairs and
tracer galaxies, respectively. For the term F(z), we use the
average redshift of pairs. After that, we derive the bias pa-
rameter of the cross-correlation from Equation (10).
With the bias parameters of tracer galaxies (bt) and the
cross-correlation (bst), we estimate that of core candidates
by:
bs =
b2st
bt
. (14)
We use bs to calculate the average mass of the core-
hosting DMHs with the relation between the bias param-
eter b and the “peak height” in the linear density field, ν,
presented in Tinker et al. (2010). Here, the peak height ν is
defined as:
ν =
δc
σ(M), (15)
where δc = 1.686 is the critical density for spherical collapse,
and σ(M) is the linear matter standard deviation on the
Lagrangian scale of the halo. For this calculation, we use
the python toolkit COLOSSUS.
100 101 102 103
 [arcsec]
10 3
10 2
10 1
100
(
)
CCF
ACF of tracer
Figure 3. The ACF of tracer galaxies (grey) and the CCF be-
tween pairs of MGs and tracers (blue) after correction of the IC.
The ACF and CCF are fitted by a power-law with β = −0.8,
shown by dashed and solid lines, where the blue shaded region
corresponds to the 1σ error around the best fit power-law to the
CCF. The error in the ACF fit, ±0.045, is not shown. The fitting
range 40′′ < θ < 2000′′ is shown by yellow shade. (A colour version
of this figure is available in the online journal.)
3.2.3 DMH mass of the core candidates
Fig. 3 shows the ACF and the CCF thus obtained. A signal is
clearly detected for both correlation functions. From these
correlation functions, we estimate the average DMH mass
of the core candidates; we also estimate the average DMH
masses of isolated (i.e. non-pair) MGs in a similar manner
(Fig. 4). We confirm that the core candidates are hosted
by very massive haloes with MDMH = 2.6+0.9−0.8 × 1013 M,
which is within our target mass range. We also find that
this value is larger than the DMH masses of isolated MGs
with log(M∗/M) ≥ 11.0 and log(M∗/M) ≥ 11.3 by 1.3 dex
and 0.4 dex, respectively, indicating that pairs of MGs can
trace more massive haloes than their isolated counterparts.
3.3 The fraction of true pairs and the intrinsic
DMH mass
Since we use a photo-z galaxy catalogue, the detected pairs
of MGs may be contaminated by false pairs due to chance
projection. Although we cannot tell which pairs are true sys-
tems without spectroscopic follow up observation, we can
statistically estimate the fraction of “true pairs”. Following
the method introduced in Be´thermin et al. (2014), we es-
timate this fraction as a function of the maximum angular
separation using the ACF of the MGs.
In general, the ACF of galaxies is expressed by the
sum of two components, the one-halo term and the two-halo
term:
ωACF(θ) = ω1h(θ) + ω2h(θ), (16)
where ω1h and ω2h are the one-halo and two-halo terms,
MNRAS 000, 1–14 (2020)
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(most massive)
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(corrected)
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Figure 4. The mass of DMHs estimated by clustering analysis.
A blue star indicates pairs of MGs. For comparison, the DMH
masses of isolated MGs are also plotted. “Isolated (all)” and “iso-
lated (most massive)” (orange) refer to non-pair galaxies whose
stellar masses are larger than 1011 M and 1011.3 M , respec-
tively. In addition, we show the DMH mass of “true pairs” assum-
ing that the fraction of true pairs is 54% (green) as calculated
in Section 3.3. (A colour version of this figure is available in the
online journal.)
respectively. The one-halo term comes from galaxy pairs
hosted by the same haloes and the two-halo term originates
from pairs hosted by different haloes. Therefore, we can es-
timate the fraction of true pairs by evaluating the relative
strength of the one-halo term. The fraction of true pairs
whose separation is less than θ can be calculated as:
ftrue(θ) =
∫ θ
0 ω1h(θ ′)θ ′dθ ′∫ θ
0 [1 + ωACF(θ ′)] θ ′dθ ′
. (17)
We first calculate the ACF of the MGs. Then, we derive the
two-halo term assuming that this term can be described as:
ω2h(θ) = b2ωDM(θ), (18)
where b, the normalisation, is the bias parameter and ωDM(θ)
is the angular ACF of dark matter calculated from the mat-
ter power spectrum. We fit ω2h(θ) over 40′′ − 2000′′ with
correction of the IC. Finally, we use Equation (17) to derive
ftrue. Here we consider an additional correction of ω. The
ACF signal becomes weaker when the redshift window be-
comes larger. While the redshift window is 0.24 in our pair
finder algorithm, that in this analysis is 1.5 (1.5 < z < 3.0).
To correct for this effect, we multiply ω by 4.78, the typical
ratio of ωACF(∆z = 0.24) to ωACF(1.5 < z < 3.0).
Fig. 5 shows the ACF of the MGs and ftrue. In our pair
finder we adopt 30′′ as the maximum separation, resulting
in ftrue = 54%.
Since isolated MGs have a weaker clustering signal than
real pairs, the contamination by false pairs reduces the clus-
tering signal of pairs. We estimate the bias of real pairs,
btrue, and hence the intrinsic DMH mass of cores with the
following relation (Be´thermin et al. 2014):
b2pair = ftrueb
2
true + 2(1 − ftrueb2c), (19)
10 1
100
101
(
)
DM
ACF
100 101 102
[arcsec]
0.0
0.2
0.4
0.6
0.8
1.0
f tr
ue
cumulative
differential
Figure 5. Top panel : The ACF of MGs. Black points show the
observed ACF. A dashed line shows the two-halo term of the
ACF, derived from fitting in 40′′ < θ < 2000′′. Bottom panel : The
fraction of true pairs as a function of pair separation. The blue
solid line shows ftrue for pairs whose separations are smaller than
θ, which is given by Equation (17), while the orange dashed line
is ftrue at a given θ. (A colour version of this figure is available in
the online journal.)
where bpair is the bias parameter of the core candidates ob-
tained in Section 3.2 and bc is the bias parameters of con-
taminants. We approximate bc by the bias of the MGs. The
intrinsic DMH mass is found to be 4.0+1.8−1.5 × 1013 M, which
is shown in Fig. 4 with label of “corrected”.
Using the Millennium Simulation, Muldrew et al. (2015)
have shown that the most massive progenitor haloes at z = 2
of present-day MDMH = 1 × 1014 M clusters have a median
mass of 1.4 × 1013 M, with a 1σ scatter of 0.22 dex. The
mean DMH mass of the cores exceeds this best-fitting me-
dian value even before contamination correction.
Then we estimate the descendant DMH mass of the
cores using the extended Press-Schechter model. We assume
that all the cores are located at z = 1.85. The descendant
masses are shown in Fig. 6 as blue and green shades for
masses before and after correction of contamination, respec-
tively. We find that the host haloes of the cores can grow
into 1×1014 M at z = 0, comparable to the mass of a Virgo
or Fornax-like cluster (Chiang et al. 2013).
3.4 The number density of cores
To check whether our pair-finding method finds massive
DMHs completely, we compare the number density of our
core candidates to that derived from the halo mass func-
tion. Assuming that all of the most massive DMHs host a
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Figure 6. The descendant mass of the DMHs hosting pairs cal-
culated by the extended Press-Schechter model from z = 1.85 to
z = 0. Shaded regions show the 1σ scatters and dashed lines are
the modes. Blue and green colours correspond to initial masses of
2.62 × 1013 M and 3.96 × 1013 M , respectively. The latter is the
intrinsic mass after correction of contamination (see Section 3.3).
(A colour version of this figure is available in the online journal.)
Table 2. The number density of cores, DMHs and clusters.
objects redshift Mmin [M] n [cMpc−3]
cores 1.5 ≤ z ≤ 3.0 1.6 × 1013 2.8 × 10−6
DMHsa 1.5 ≤ z ≤ 3.0 1.6 × 1013 1.0 × 10−5
cores (true)b 1.5 ≤ z ≤ 3.0 2.5 × 1013 1.5 × 10−6
DMHsa 1.5 ≤ z ≤ 3.0 2.5 × 1013 4.0 × 10−6
local clusters z = 0 1.0 × 1014 1.5 × 10−5
Notes. aThe number density of DMHs calculated by the halo
mass function. bA true pair fraction of 54% is considered.
single pair of MGs, we first calculate the minimum mass of
DMHs which host a pair (Mmin) as follows:
bobs =
∫ ∞
Mmin
b(M) dn(M)dM dM∫ ∞
Mmin
dn(M)
dM dM
, (20)
where
dn(M)
dM is the halo mass function and b(M) is the bias
parameter as a function of halo mass. Here, we adopt Sheth
& Tormen (1999) as the halo mass function. Then we calcu-
late the number density of DMHs which are more massive
than Mmin.
In Table 2, we summarise the number density of each
population. Our core candidates have a lower number den-
sity than that estimated from the halo mass function by
factor of 2.5 (3.5) with (without) true pair correction, re-
sulting in ∼ 40% (30%) completeness. We further explore
the completeness as a function of DMH mass in the next
section using the IllustrisTNG simulation.
3.5 Comparison with the IllustrisTNG
In this paper, we assume that pairs of MGs are typically
hosted by more massive DMHs than isolated MGs. In the
previous section, we confirm this hypothesis in a statistical
manner with observational data. However, as shown in Sec-
tion 3.4, our method may not be able to find all massive
DMHs. To evaluate the effectiveness of pairs as tracers of
cores, we need to know the mass distribution of pair-host
DMHs, the fraction of massive DMHs which host pairs, and
the fraction of pair-host DMHs which can actually grow into
MDMH ≥ 1014 M at z = 0. Since observational data do not
tell us individual halo masses, we employ a mock galaxy
catalogue of the IllustrisTNG project for this purpose.
The IllustrisTNG project is a series of cosmological
magnetohydrodynamical simulations of galaxy formation
and evolution including various baryon physics: star for-
mation, stellar evolution, chemical enrichment, primordial
and metal-line cooling of the gas, stellar feedback, and black
hole formation, growth and feedback (Pillepich et al. 2018a;
Weinberger et al. 2017). The simulations consist of three
runs with different box sizes and each run also has three dif-
ferent resolutions. We use results from TNG300 which has
the largest volume ∼ (205 cMpc/h)3 among the three runs.
Thanks to the large volume, TNG300 is suitable for investi-
gating properties of rare objects like galaxy clusters. Among
the three TNG300 runs, we select the one with the highest
mass resolution, TNG300-1, and use the halo (group) and
galaxy (subhalo) catalogues as well as merger trees (i.e. the
merger histories of individual haloes). A detailed description
about the simulations is found in IllustisTNG presentation
papers (Naiman et al. 2018; Springel et al. 2018; Pillepich
et al. 2018b; Marinacci et al. 2018; Nelson et al. 2018).
First, from the mock galaxy catalogue of z = 2 (snapshot
33), we extract the positions and stellar masses of galaxies.
Then we select galaxies with log(M∗/M) ≥ 11 and apply the
pair finder to them. Instead of the angular separation crite-
rion in Section 3.1.1, we consider a condition that three di-
mensional separations are < 0.3 pMpc. We identify 103 pairs
from 2092 massive mock galaxies. The number of indepen-
dent pair-host haloes is 100 because some pairs are hosted
by the same haloes.
In the top panel of Fig. 7 we show the relation between
the stellar masses of central galaxies and their host DMH
masses3. Small stars and dots mean DMHs which host pairs
and isolated centrals, respectively. For pair-host DMHs, we
plot the largest stellar mass among each pair. For a series of
stellar mass bins with a width of 0.2 dex, we calculate me-
dian DMH masses. Large stars and circles show the median
masses of pair and isolated central host DMHs, respectively.
We find that at a fixed stellar mass, the median mass of
DMHs which host a pair is larger by 0.15 to 0.3 dex. This
suggests that pairs of MGs are effective tracers of the most
massive DMHs in the universe at z ∼ 2.
We also show the fraction of DMHs which host a pair as
a function of halo mass in the bottom panel of Fig. 7. Blue
triangles show the pair-host fraction of DMHs which is more
massive than a given mass and orange circles represent the
3 We approximate DMH masses by M200, which represents the
total mass enclosed by a sphere whose inner mass density is 200
times the critical density of the universe.
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differential fraction. DMH masses estimated from clustering
analysis and Mmin obtained in Section 3.4 are also plotted as
solid and dashed lines, respectively. At the mass of Mmin with
(without) true pair correction, the cumulative pair-host frac-
tion is ∼ 50% (30%), being consistent with the completeness
calculated from the halo mass function. Furthermore, the
pair-host fraction monotonically increases with halo mass.
These results mean that pairs of MGs can effectively trace
DMHs which are massive enough to be regarded as proto-
cluster cores.
Finally, we investigate the fraction of pair-host haloes
at z = 2 that can evolve into ≥ 1014 M at z = 0. Tracing
merger histories of pair-host haloes, we find that 100 inde-
pendent pair-host haloes at z = 2 become 89 independent
haloes at z = 0, indicating that mergers reduce ∼ 10% of
pair-host haloes. Among those descendants, 63 haloes are
more massive than 1014 M, which are regarded as clusters.
This means that the purity of pair-host haloes as tracers of
proto-cluster cores is 63%. In the simulation box, there are
280 clusters. Therefore, the completeness of pairs as tracers
of z = 0 clusters is 23%. We further investigate the com-
pleteness for z = 0 clusters in terms of their mass. Fol-
lowing Chiang et al. (2014), we divide z = 0 clusters into
three types according to their mass: Fornax-like (MDMH =
1 − 3 × 1014 M), Virgo-like (MDMH = 3 − 10 × 1014 M) and
Coma-like (MDMH > 1 × 1015 M) clusters. At z = 0, the
numbers of descendants of pair-host haloes (and all haloes in
the simulation box) classified as Fornax-like, Virgo-like and
Coma-like clusters are 38 (235), 22 (42), 3 (3), respectively,
resulting in 16%, 52% and 100% completeness for each type.
This suggests that pairs of MGs are not only good tracers of
the progenitor haloes of the most massive clusters but also
those of Virgo-like clusters.
In Figure 8, we show the DMH masses of pair-host
haloes and their descendants at z = 0. At fixed MDMH(z = 0),
the masses of progenitors have a 1σ scatter of 0.2 − 0.4
dex, which is similar to the value found by Muldrew et al.
(2015). This relatively large scatter implies that there are
various paths of halo mass growth. For each type of clusters,
we check the fraction of DMHs which become more than
ten times more massive from z = 2 to z = 0. For Fornax-
like, Virgo-like and Coma-like clusters, these fractions are
roughly 15%, 60% and 100%, respectively, suggesting that
the progenitors of more massive clusters tend to grow more
rapidly after z = 2.
4 PROPERTIES OF MEMBER GALAXIES OF
PROTO-CLUSTER CORES
We examine the stellar mass function (SMF) and the qui-
escent fraction for galaxies in the detected cores. Since the
COSMOS2015 catalogue is a photo-z sample, we subtract
field galaxies statistically as described below.
4.1 Field subtraction and the field stellar mass
function
We extract all galaxies down to log(M∗/M) = 9.0 in cylin-
drical regions around the 75 cores with a radius of ∆r =
0.3 pMpc and a line of sight length ∆z = 0.5. We adopt this
relatively large ∆z value not to miss low-mass galaxies near
the mass limit that have much larger photo-z uncertain-
ties than log(M∗/M) ≥ 11.0 galaxies. The galaxies in these
cylindrical regions are contaminated by field galaxies. We
perform field subtraction in the following manner.
First, we calculate the SMFs of field galaxies by dividing
the galaxy sample of log(M∗/M) ≥ 9.0 into 20 redshift bins
of range 1.25 < z < 3.25 and width ∆z = 0.1. For each redshift
bin, we also compute the total cosmic volume occupied by
the cylindrical regions around the cores. Then, multiplying
the field SMFs by these cosmic volumes, we estimate the
total number of contamination galaxies falling within the 75
cylindrical regions as a function of stellar mass. Finally, we
subtract this mass function of contaminants from the raw
counts around the cores.
We also need a field SMF averaged over 1.5 < z < 3.0
that is compared with the SMF of member galaxies. Because
the redshift distribution of the core sample is slightly differ-
ent from that of the general galaxy sample, we calculate this
field SMF as:
Φfield =
∑
i n(zi)Φfield, i∑
i n(zi)
, (21)
where zi is the i-th redshift bin, n(zi) is the number of cores
at zi , and Φfield, i is the field SMF at zi .
4.2 The stellar mass function
The SMFs of galaxies in the cores and that of the field galax-
ies are shown in the top panel of Fig. 9. To calculate the for-
mer, we assume that DMHs hosting a pair are spheres with
a radius of 0.3 pMpc. Completeness correction as a function
of stellar mass is not considered. In Fig. 9, grey, blue and red
lines refer to the SMFs of total galaxies, star-forming galax-
ies and quiescent galaxies, respectively. For comparison, we
calculate the SMFs around isolated MGs with stellar masses
of log(M∗/M) ≥ 11.3 and log(M∗/M) ≥ 11.0 in the same
way as that for pairs. Note that above log(M∗/M) = 11, the
SMFs are positively biased because there are at least two
(one) MGs in each core (each isolated MG) which are used
to identify them.
It is found that the SMFs of total and star-forming
galaxies in the cores as well as around isolated MGs have
a flat shape below log(M∗/M) = 11, where the SMFs are
not affected by selection bias. We also find that the normal-
isation of the SMF of the cores is roughly twice as large as
those of the two classes of isolated MGs, meaning that the
pairs reside in denser environment.
To discuss the shapes of the SMFs and the galaxy for-
mation efficiency in the cores, we also calculate the ratio
between the SMF of member galaxies and that of field galax-
ies for each star formation class. The normalisations of the
SMFs of the cores are roughly two to three orders of magni-
tude higher than those of the field galaxies. We again nor-
malise the ratio of SMFs by total mass as:
Ncore
Nfield
=
Φcore
Φfield
ρcritΩmVcore
Mcore
, (22)
where ρcrit is the critical density of the universe in our cos-
mology, Vcore is the average comoving volume and Mcore is
the DMH mass of the cores, respectively.
The results are plotted in the bottom panel of Fig. 9.
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Figure 7. Top panel : The relation between stellar mass and host DMH mass for massive galaxies (log(M∗/M) ≥ 11) in the
IllustrisTNG300-1. Small cyan stars refer to pairs of massive galaxies with separations smaller than 0.3 pMpc while dots show iso-
lated central galaxies. Large stars and circles show corresponding median values in 0.2 dex stellar mass bins. A blue dotted line is the
average MDMH of pair-host DMHs in IllustrisTNG300-1. Bottom panel : The fraction of DMHs which host pairs of massive galaxies as a
function of halo mass. Blue triangles show the pair-host fraction of DMHs more massive than a given mass and orange circles represent
the differential fraction. Solid and dashed lines show the average MDMH of the pairs estimated by clustering analysis and Mmin obtained
in Section 3.4, where blue and green colours show, respectively, before and after true pair correction. (A colour version of this figure is
available in the online journal.)
We find that this ratio increases with stellar mass. In other
words, the member galaxies of proto-cluster cores have a
more top-heavy SMF than field galaxies. This result is qual-
itatively consistent with the simulation (Lovell et al. 2018;
Muldrew et al. 2018). We note that the SMFs of field galaxies
are not exactly the same among the three panels because the
redshift distributions n(zi) of corresponding massive galaxy
populations are different. See the definition of Φfield in Equa-
tion (21).
We also find that the ratio of the SMFs is below unity,
although marginal, at log(M∗/M) . 10 and above unity at
log(M∗/M) & 10, meaning that in core regions, the forma-
tion of low-mass galaxies may be suppressed while that of
high-mass galaxies is enhanced compared to the field. De-
struction of low-mass galaxies by mergers and/or tidal dis-
ruption (Martel et al. 2012) are possible causes of the lower
formation efficiency of low-mass galaxies. Another possibil-
ity is the suppression of star formation of low-mass galax-
ies. As described in Section 4.3, low-mass galaxies in the
cores have a higher quiescent fraction than their field coun-
terparts. This may support this possibility. For high-mass
galaxies, the high density environment of proto-cluster cores
may enhance the formation of high-mass galaxies by the
early formation of large DMHs and/or more frequent merg-
ers (Muldrew et al. 2018).
Trends similar to those seen in the SMFs of the cores
have been found in several observational studies which fo-
cus on both global and local environments. At high redshift,
z ∼ 2.5, Shimakawa et al. (2018) have found that the SMF
of Hα emitters in the densest regions of a proto-cluster is
more top-heavy than that in less dense regions in terms of
a clear excess of high-mass galaxies (log(M∗/M) > 10.5),
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Figure 8. Top panel : The DMH masses of pair-host haloes and
those of the descendants at z = 0. Blue squares, green circles
and magenta diamonds show the masses of progenitor haloes of
Fornax-like, Virgo-like and Coma-like clusters, respectively. Pro-
genitors which have less massive descendants than 1014 M are
shown by black triangles. Grey dashed lines show the ratio of
MDMH(z = 0) to MDMH(z = 2). Bottom panel : The completeness
of pairs of massive galaxies as tracers of z = 0 clusters in four
mass bins. The meanings of the symbols are the same as those in
the top panel. The black dotted line shows the completeness in
the whole mass range above 1× 1014 M , which is 0.23. (A colour
version of this figure is available in the online journal.)
although they have not been able to find a clear difference
at the low-mass end. Together with the evidence that high-
mass galaxies in the densest regions are more actively star-
forming, they have concluded that the formation of massive
galaxies has been accelerated in the densest parts of a proto-
cluster. Our SMF for star-forming galaxies in the cores is
qualitatively consistent with these results, implying an en-
hancement of the star formation of high-mass galaxies in the
cores.
Differences in the SMFs between mature clusters and
fields have also been reported at z . 1.5. van der Burg
et al. (2013, 2018) have shown that cluster galaxies have
more top-heavy SMFs at 0.5 < z < 1 primarily because
of a shallower low-mass end slope, especially for quiescent
galaxies. Nantais et al. (2016) have reported that in clusters
at z ∼ 1.5, the SMF of quiescent galaxies with low stellar
masses (log(M∗/M) . 10.5) has a roughly 50% contribu-
tion to the total SMF, while only 20% in fields. They inter-
pret this as environmental quenching of low-mass galaxies,
although they do not find a clear difference in the shape
of the SMF of total galaxies between clusters and fields. At
log(M∗/M) ∼ 10, our SMF of quiescent galaxies in the cores
shows higher Φcore/Φfield values compared to more massive
bins. This may imply that cores at z ∼ 2 are similar to ma-
ture clusters z . 1.5 in terms of a higher fraction of low-mass
quiescent galaxies than fields. We should note that the SMF
of quiescent galaxies has negative values at the lowest-mass
bins (log(M∗/M) . 9.5) possibly due to low statistics.
The effect of local environment on galaxy formation has
been studied by many papers. Using the Bayesian motivated
N-th nearest neighbour as an environment measure (Cowan
& Ivezic´ 2008), Kawinwanichakij et al. (2017) have shown
that quiescent galaxies are likely to reside in denser envi-
ronments than star-forming ones even at fixed stellar mass
at 0.5 < z < 2.0. The same trend has also been reported
in Malavasi et al. (2016), which have used the number den-
sity of galaxies within a cylindrical region as an environment
measure. These results are qualitatively consistent with our
results. At lower redshift (0.55 < z < 1.3), Tomczak et al.
(2017) have found strong dependence of the shape of the
SMFs on local environment. They have used Voronoi tes-
sellation (Darvish et al. 2015) as an environment measure
and shown that galaxies in denser environments have more
top-heavy SMFs than in fields for both star-forming and
quiescent galaxies, which is similar to what we find. With
the same environmental measure as Kawinwanichakij et al.
(2017), Papovich et al. (2018) have argued that there are
not major differences in the shape of the SMF for either
star-forming or quiescent galaxies between high- and low-
density environments at 1.5 < z < 2.0. However, they have
also pointed out that the SMFs of star-forming galaxies at
log(M∗/M) ∼ 10.5 in dense environments show an excess,
which is seen in our SMF. These past studies are broadly
consistent with ours when the differences in the definition of
local environment are taken into account. Note that proto-
cluster cores are extremely high-density regions where the
3D galaxy density is two orders of magnitude higher than
the cosmic average as found in the comparison of the SMFs
between cores and fields. In any case, proto-cluster cores are
the most promising places to detect environmental depen-
dence in the early universe.
4.3 The quiescent fraction
We measure the quiescent fraction for galaxies in the cores.
Here, the quiescent fraction fq is defined as
fq =
Nq
Ntotal
, (23)
where Ntotal and Nq are the numbers of total and quiescent
galaxies, respectively. As in the previous section, we also
compute fq for galaxies around the two classes of isolated
MGs for comparison. The results are shown in Fig. 10.
It is found that all three environments have a higher
quiescent fraction than the field. In each panel, the qui-
escent fraction of member galaxies is higher than in the
field at log(M∗/M) . 10.6 while it is almost the same at
log(M∗/M) & 10.6. This probably reflects the fact that
satellite galaxies around massive centrals are more likely to
be quenched than isolated galaxies even at z ∼ 2 (Kawin-
wanichakij et al. 2016; Ji et al. 2018). Interestingly, the fq in
the cores is higher than those in the others. In Table 3, we
summarise fq in the whole mass range below 1011 M, where
galaxy number counts are not directly affected by selection
bias. The fq of galaxies in the cores is 17+4−4%, which is 3.3
+0.8
−0.8
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Figure 9. Top panel : The stellar mass functions (SMFs) of galaxies in the cores (left), around the most massive (log(M∗/M) ≥ 11.3)
isolated galaxies (middle), and around massive (log(M∗/M) ≥ 11.0) isolated galaxies (right). Detection incompleteness has not been
corrected. Grey, blue and red colours mean the SMFs of all galaxies, star-forming galaxies, and quiescent galaxies, respectively. Grey
shaded regions show the mass range suffering from selection bias. Bottom panel : Same as top panels but divided by the field SMFs and
normalised by total mass using Equation (22). A black dotted line indicates unity. This normalisation is only valid for the cores. Arrows
mean a negative value. (A colour version of this figure is available in the online journal.)
times higher than that of field galaxies, while that of galax-
ies around isolated MGs with log(M∗/M) ≥ 11.0 (11.3) is
11+2(4)−2(4)%, which is 2.4
+0.4 (0.8)
−0.4 (0.8) times higher than field galax-
ies. This suggests that proto-cluster cores are more evolved
systems than DMHs hosting isolated MGs.
The value of fq has been examined for several individual
clusters at 1.6 < z < 1.8, and much higher values than what
we find have been reported: fq & 30% at log(M∗/M) . 10.5
and fq & 80% at log(M∗/M) & 10.5 (Newman et al. 2014;
Cooke et al. 2016; Lee-Brown et al. 2017). These differences
may partly come from the fact that the clusters in these
previous studies are more massive (MDMH & 8 × 1013 M)
and thus more evolved systems than our cores. Part of the
differences may also be due to cluster-to-cluster variation
because these studies are each based on only a single cluster.
Then, we also calculate the environmental quenching
efficiency (QE):
QE =
fmemberq − f fieldq
1 − f fieldq
= 1 −
fmembersf
f fieldsf
, (24)
where fmemberq and f
field
q ( f
member
sf and f
field
sf ) are the quies-
cent (star-forming) fraction of galaxies in the environment
in question and in the field. This quantity describes what
fraction of star-forming galaxies in the field would be ad-
ditionally quenched if they were in the given environment.
The QE for the cores, 0.13+0.04−0.04, is higher than that for the
isolated MGs with log(M∗/M) ≥ 11.0 (11.3), 0.07+0.02 (0.04)−0.02 (0.04).
In Fig. 11, we plot the QE measurement of the cores
(blue pentagon) together with those of known clusters in the
literature. Quadri et al. (2012) and Cooke et al. (2016) have
each calculated the QE for a single cluster at z ∼ 1.6, using
galaxies with log(M∗/M) ≥ 10 and 10 ≤ log(M∗/M) ≤ 10.7,
respectively. Nantais et al. (2017), Rodr´ıguez-Mun˜oz et al.
(2019) and Balogh et al. (2014) have measured QEs using 14,
24 and 10 clusters at various redshifts. Nantais et al. (2017)
and Rodr´ıguez-Mun˜oz et al. (2019) have used galaxies with
log(M∗/M) ≥ 10.3 and log(M∗/M) ≥ 10.0, respectively.
For the QE of Balogh et al. (2014), we plot the result for
log(M∗/M) = 10.5. To classify galaxies into star-forming or
quiescent, all the above studies have used a colour-colour
diagram based on Williams et al. (2009). Contini et al.
(2020) have calculated the QE for clusters in an analytic
galaxy formation model. They define clusters as DMHs with
log(M∗/M) > 14.2, and use galaxies with log(M∗/M) ≥ 9.5.
They define quiescent galaxies as those with a lower specific
star formation rate than the inverse of the Hubble time. As
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Table 3. The quiescent fraction ( fq) and the environmental
quenching efficiency (QE) of member galaxies in cores and around
two classes of massive isolated galaxies, and those of correspond-
ing field galaxies.
objects fmemberq f
field
q f
member
q / f
field
q QE
core 0.17+0.04−0.04 0.052
+0.001
−0.001 3.3
+0.8
−0.8 0.13
+0.04
−0.04
iso 11.3a 0.11+0.04−0.04 0.045
+0.001
−0.001 2.4
+0.8
−0.8 0.07
+0.04
−0.04
iso 11.0b 0.11+0.02−0.02 0.045
+0.001
−0.001 2.4
+0.4
−0.4 0.07
+0.02
−0.02
Notes. aIsolated MGs (log(M∗/M) ≥ 11.3). bIsolated MGs
(log(M∗/M) ≥ 11.0). In the calculation, we exclude galaxies
with log(M∗/M) ≥ 11 to avoid possible selection biases.
a general trend, the QE becomes lower with increasing red-
shift. A qualitatively similar trend has been found for the
QE of galaxies in locally dense environments (Peng et al.
2010; Kawinwanichakij et al. 2017; Chartab et al. 2020). One
needs to be careful when comparing individual QE values di-
rectly, because the QE data in Fig. 11 are heterogeneous in
terms of the identification of clusters, the selection method
of galaxies, and the stellar mass range used to calculate QEs.
For a detailed comparison, we focus on the result of
Nantais et al. (2017) shown by grey stars. They have found
that the QE changes dramatically after z ∼ 1.5, from QE ∼
0.16 at z ∼ 1.6 to QE ∼ 0.62 at z ∼ 1.3. To compare the QE
for the cores with those obtained by Nantais et al. (2017),
we calculate it again by using galaxies in the mass range of
log(M∗/M) > 10.3 (orange diamond). We find that the QE
of the cores is positive, meaning that some mechanisms of
environmental quenching have already worked in z ∼ 2 cores.
In addition, the QE of the cores is almost the same value as
of mature clusters in Nantais et al. (2017) at z ∼ 1.6 although
the DMH mass of the cores is one-order of magnitude smaller
than those of the z ∼ 1.6 clusters. This result supports a sce-
nario that cluster environments have not quenched galaxies
significantly until z ∼ 1.5 when a whole proto-cluster region
starts to collapse, although excess quenching is already seen
in cores. We note that at z ∼ 1.6 the descendant mass of the
cores does not reach 1014 M, meaning that our cores may
not be the progenitors of the z ∼ 1.6 clusters.
5 SUMMARY AND CONCLUSIONS
We have searched for proto-cluster cores at z ∼ 2 in ∼ 1.5 deg2
of the COSMOS field by using pairs of MGs (log(M∗/M) ≥
11) as tracers, and examined properties of member galaxies
in the cores. The main results are as follows.
(i) We find 75 pairs of MGs whose separations are < 30′′,
among which 54% are estimated to be real.
(ii) A clustering analysis finds that the average mass of
DMHs hosting the pairs is 2.6+0.9−0.8 × 1013 M, and 4.0+1.8−1.5 ×
1013 M after contamination correction. Using the extended
Press-Schechter model, we also calculate the descendant
DMH mass and confirm that the pairs are typically pro-
genitors of Virgo or Fornax-like clusters.
(iii) The IllustrisTNG simulation shows pairs of MGs are
good tracers of DMHs which are massive enough to be re-
graded as proto-cluster cores. At a fixed stellar mass, the
median mass of DMHs which host pairs is larger by 0.15 to
0.3 dex than those of DMHs which do not. We also find that
more than 50% of DMHs with 2.6×1013 M host pairs, which
is consistent with the completeness estimated from the halo
mass function. Since the pair-host fraction is a monotoni-
cally increasing function of MDMH, the most massive DMHs
can be traced by pairs at z = 2. We trace merger trees from
z = 2 to z = 0 to identify descendants of pair-host haloes.
We find that 100 independent DMHs which host pairs at
z = 2 become 89 independent DMHs at z = 0. At z = 0, the
numbers of descendants of pair-host haloes (and all haloes in
the simulation box) classified as Fornax-like, Virgo-like and
Coma-like clusters are 38 (235), 22 (42), 3 (3), respectively,
resulting in 16%, 52% and 100% completeness for each type.
This suggests that a pair of MGs can trace progenitors of
both the most massive clusters and less massive ones.
(iv) The member galaxies of the cores have a more top-
heavy SMF than the field except for quiescent galaxies.
When normalised by total mass, the ratio of SMFs between
cores and the field is below unity at log(M∗/M) . 10
and above unity at log(M∗/M) & 10. The low ratio at
log(M∗/M) . 10, if real, may indicate that low-mass galax-
ies in cores are more likely to be prevented from forming
stars, or destroyed by mergers and/or tidal disruption than
field galaxies. On the other hand, the star formation of high-
mass galaxies may be enhanced by the early formation of
massive DMHs and/or more frequent mergers. These trends
are similar to SMFs in previous studies focusing on known
(proto-)clusters and local high-density regions.
(v) The quiescent fraction of the member galaxies in the
cores is higher than that of the field at log(M∗/M) . 10.6.
The quiescent fraction averaged over the whole mass range
9 < log(M∗/M) < 11 is 0.17+0.04−0.04, which is three time higher
than that of the field. We also calculate the environmental
quenching efficiency (QE) and find that the QE in the cores
is comparable to that of mature clusters at z ∼ 1.6 in the lit-
erature. This supports a scenario that cluster environments
have not quenched galaxies significantly until z ∼ 1.5 when a
whole proto-cluster region starts to collapse, although excess
quenching is already seen in cores.
We have statistically shown that proto-cluster cores at
z ∼ 2 have similar properties to mature clusters at z . 1.5 in
terms of an excess of high-mass galaxies and a higher frac-
tion of low-mass quiescent galaxies. These results suggest
that stellar mass assembly and quenching are accelerated as
early as z ∼ 2 in proto-cluster cores. To investigate other
properties further, spectroscopic confirmation of the indi-
vidual cores is needed. Our core sample presents good tar-
gets for spectroscopic surveys like the Subaru Prime Focus
Spectrograph survey (Takada et al. 2014). If we derive pre-
cise redshifts of member galaxies, we can calculate individual
DMH masses from their velocity dispersions. We can also re-
veal detailed star-forming activities with spectroscopic data,
and thus the formation history of cluster galaxies (Harikane
et al. 2019).
The method presented in this paper can be applied to
other survey data with stellar mass and photo-z estimates.
Therefore, combining wide field surveys like the Subaru Hy-
per Suprime-Cam survey (HSC-SSP), we can construct a
much larger core sample over a wide redshift range.
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Figure 10. The quiescent fraction ( fq) in the cores (left), around the most massive (log(M∗/M) ≥ 11.3) isolated galaxies (middle), and
around massive (log(M∗/M) ≥ 11.0) isolated galaxies (right) plotted as blue symbols. The fq of field galaxies is also plotted in each
panel (grey symbols). In the mass range of log(M∗/M) > 11, which is coloured in grey, fq is affected by selection bias. An arrow means
fq < 0 due to field subtraction. (A colour version of this figure is available in the online journal.)
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Figure 11. Environmental quenching efficiency (QE), defined
as QE = ( fmemberq − f fieldq )/(1 − f fieldq ), as a function of redshift.
A blue pentagon and an orange diamond are the QEs of the
cores calculated for galaxies with 9.0 < log(M∗/M) < 11 and
log(M∗/M) > 10.3, respectively. The other grey symbols are QEs
in the literature. Stars, upward triangles, a downward triangle, an
open circle and an open square are the QEs for cluster environ-
ments presented in Nantais et al. (2017); Rodr´ıguez-Mun˜oz et al.
(2019); Balogh et al. (2014); Cooke et al. (2016); Quadri et al.
(2012), respectively. Open symbols indicate QEs for individual
clusters. A grey dashed line shows the QE calculated for clusters
in an analytic galaxy formation model (Contini et al. 2020). (A
colour version of this figure is available in the online journal.)
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